Translocation induced by PKA suggests that TORC loto be essential for CRE-mediated gene expression incalization would be regulated by cAMP levels. Indeed, duced by cAMP, calcium, or GPCR activation, and nu-TORC1-eGFP was efficiently shuttled to the nucleus clear transport of TORC1 was sufficient to activate after treatment of HeLa cells with either a combination CRE-dependent transcription. Drosophila TORC was of forskolin (an adenyl cyclase agonist) and 3-isobutylalso shown to translocate in response to calcineurin 1-methylxanthine (IBMX; a phosphodiesterase inhibitor) activation in vivo. Thus, TORC nuclear translocation or dibutyryl-cAMP (db-cAMP) alone (Figures 2A-2C) . is an essential, conserved step in activation of cAMPSimilarly, TORC2-eGFP and TORC3-eGFP translocated responsive genes.
the cytoplasm (Figure 3H ), confirming that TORC translocation was specifically due to calcineurin activation TORC Translocation Is Regulated by Calcineurin and not due to other potentially toxic side-effects of TRPV6 is a calcium channel that is suspected to be a TRPV6 overexpression. store-operated channel involved in capacitative calcium It should be noted that transfection with an active entry (CCE), which can induce calcium entry current calcineurin construct induced nuclear translocation of when overexpressed [9] . CCE induces nuclear translo-TORC2-eGFP but not TORC3-eGFP in HEK293 cells, yet cation of nuclear factor of activated T cells (NF-AT) nuclear translocation of all three human TORC-eGFP through dephosphorylation of NF-AT by the calciumproteins in HEK293 cells was facilitated by ionomycin. dependent phosphatase calcineurin [10] . The localizaFurther, the ionomycin-induced translocation of TORC1-tion of TORC1 was examined in response to ionomycin, eGFP was completely blocked by CsA, whereas TORC2-a calcium ionophore, or cyclopiazonic acid (CPA), an eGFP was partially inhibited ( Figure S3 ). The insensitivity inhibitor of the sarcoplasmic-endoplasmic reticulum of translocation to CsA by TORC2 and TORC3 may indicalcium ATPase, to determine if TORCs were regulated cate that there are multiple calcium-induced events that in a manner similar to NF-AT. Both agents induce elecan lead to translocation and that calcineurin activation vated intracellular calcium levels, and both potently inis sufficient, but not necessary, for TORC2 translocation Figures 3L-3O) , and translocation by these stimuli was blocked by CsA treattion only in the HeLa::TORC1-eGFP cells ( Figure 4A ). This observation indicates that nuclear accumulation of ment, demonstrating a requirement for calcineurin in these pathways. Thus, at least two independent path-TORC1-eGFP in the nucleus was sufficient to activate CRE-driven gene expression. In addition, while ionoways regulate TORC nuclear translocation: a calcineurindependent pathway and a cAMP-dependent calcineurinmycin and PMA resulted in a modest level of activation in HeLa cells, these agents showed more than 10-fold independent pathway. FLAG-TORC1 protein was examined for calcineurinlarger increases in CRE-luciferase induction in HeLa:: TORC1-eGFP cells. Induction by ionomycin was comdependent post-translational modification to determine if TORC proteins were directly or indirectly modified pletely blocked by CsA. Thus, overexpression of TORC1 potently enhanced activation of CRE-driven gene exby calcineurin. The FLAG-TORC1 was used for these pression in a calcineurin-dependent fashion. These oblittle effect on induction of an NF-AT-dependent luciferase reporter by ionomycin and PMA. It is important to servations suggest that the reported ability of CsA and FK506 to block induction of a subset of CREB-responnote that NF-AT is also activated by calcium in a calcineurin-dependent fashion; thus, the effect of TORC sive genes in response to cAMP and membrane depolarization [11] is likely due to blockade of TORC function blockade is highly specific and downstream of calcineurin. The siRNAs were shown to block TORC1 and by these agents. Since the effect of LMB is significantly less than that observed with ionomycin, which also in-TORC2 protein production by Western blot analysis (Figure 4C) . Decreased levels of TORC1 and TORC2 proteins duces nuclear accumulation, it is likely that other signals or modifications are required in combination with nuhad no effect on CREB1 phosphorylation by either stimulus, consistent with previous observations that TORCs clear localization to achieve maximal transcriptional activation.
activate CRE-driven expression independently of CREB phosphorlyation [6] . Although a single endogenous Expression of both TORC1 and TORC2 was decreased by siRNAs in HeLa cells to determine if TORCs TORC2 species was observed in HeLa cells, at least two distinguishable isoforms of endogenous TORC1 are are essential for activation of CRE-dependent transcription. In contrast to HEK293 cells, which were reported detected by Western analysis. These multiple TORC1 bands were not due to cross-reactivity of the antibodies to predominantly express only TORC2 [6] , HeLa cells express comparable levels of both TORC1 and TORC2 to TORC2 or TORC3 because these isoforms were detected with multiple antibodies that recognize distinct mRNA and protein (data not shown; see below). Knockdown of either TORC1 or TORC2 alone was sufficient epitopes of TORC1, and the abundance of these proteins was decreased specifically with TORC1 siRNA to modestly decrease CRE activation by forskolin/IBMX or ionomycin/PMA in HeLa cells ( Figure 4B) . In contrast, (data not shown). The siRNA data above is complicated by the need simultaneous blockade with TORC1 and TORC2 siRNAs strongly blocked induction by either stimulus. These to use multiple siRNAs and block multiple functionally redundant TORC proteins. A dominant-interfering TORC effects were specific because the TORC siRNAs had TORC proteins (data not shown). Expression of the T1-44eGFP fusion protein potently blocked CRE activation through either forskolin/IBMX or ionomycin/PMA but had no effect on activation of an NF-AT reporter by ionomycin/PMA ( Figure 4D) . Additionally, expression of T1-44eGFP prevented CRE activation through a transfected ␤2-adrenergic receptor by isoproterenol ( Figure  4E) . Thus, TORC function is both sufficient and essential for CRE-driven gene expression induced by cAMP, calcium agonists, and activation of Gs-coupled GPCRs.
Conclusions
The data presented in this paper demonstrate that TORC translocation is a second, essential switch required for activation of CRE-mediated gene expression by many, if not all, inducers of CREB. CREB activation by cAMP appears to require simultaneous nuclear translocation of both PKA and TORC proteins. This observation provides a novel model that explains the rapid and efficient activation of gene expression by cAMP. Previous studies have strongly implicated calcium-mediated CREB activation in behavior, and yet calcium-mediated CREB phosphorylation was shown in some instances to be insufficient for transcriptional activation [12] . Nuclear translocation of TORC in response to elevated calcium levels provides a mechanism to explain these observations.
Translocation of the TORCs resembles that of NF-AT in several ways. Both protein families are subject to nuclear export and regulated nuclear import, and these processes are directly regulated by calcineurin. It is interesting to note that NF-AT has been shown to bind and be regulated by the phosphoprotein binding protein 14-3-3 [13] , and a recent study demonstrated that TORC1 and TORC3 copurify with 14-3-3 from HEK293 cells [14] , suggesting that these proteins may share additional regulatory mechanisms. Additionally, the conservation of calcineurin-dependent translocation in hu- discussions on the manuscript. As this manuscript was under final review, an independent study also demonstrated that TORC2 activity and localization are regulated by cAMP and calcium signals [16] .
protein that fuses the first 44 amino acids of TORC1, which constitutes the highly conserved CREB binding
